No unified electromagnetic anti-fouling mechanism is currently available. Most research has focused on the effects of structural parameters and water quality parameters on electromagnetic fields; variations in water quality parameters under the influence of electromagnetic fields have not been reported. A variable-frequency vertical electromagnetic field is proposed in this study. Relationships between conductivity, pH value, dissolved oxygen, turbidity, fouling resistance, and magnetic acting time were carefully analyzed using statistical analysis. Results show that the conductivity difference was the most explanatory predictive variable on magnetic acting time in the multiple stepwise regression model. Magnetic acting time has a greater impact on conductivity than pH value and dissolved oxygen. Conductivity is used as an adaptive feedback control parameter for the optimum anti-fouling state. Fouling resistance on the heat-exchanging surface of the magnetic experiment was smaller than that of the contrast experiment. The anti-fouling efficiency in 1 kHz and 5 kHz magnetic and contrast experiments was 91.23% and 46.97%, respectively. Better anti-fouling performance was realized under the influence of low-frequency electromagnetic fields, confirming that physical water treatment is an effective and environmentally friendly method to eliminate heat exchanger fouling. This research serves as a reference for the development of an electromagnetic-adaptive closed-loop water treatment device.
Introduction
Variable-frequency electromagnetic water treatment technology is used due to its environmental nature and easy operation. However, the anti-fouling mechanism is imperfect, and most research has focused on the effects of structural and water quality parameters on the electromagnetic field. Suitable feedback parameters must be included in experiments [1] [2] [3] . Basic research on variations in physical, chemical, and biological water quality parameters under the influence of an electromagnetic field has been conducted [4, 5] . Based on objective actual measurements, statistical analysis has tended to focus on the robustness of data and is particularly applicable to inner regularity in a quantitative form. Electromagnetic water treatment has rarely been studied using statistical analysis methods [6] [7] [8] .
Variations in water quality parameters explain electromagnetic parameters to different extents. This study proposes an online fouling prevention and effect evaluation water treatment experiment [9, 10] . Variations in conductivity, pH value, dissolved oxygen, turbidity, and fouling resistance under the influence of a variable-frequency electromagnetic field are carefully analyzed. Statistical analysis is used to verify the importance of water quality parameters in the fouling formation The experimental platform was used to simulate the heat exchanger fouling process, which focused on calcium carbonate. The time for fouling formation was reduced from 1 or 2 years to approximately 7 days. When the thermostat was set to 50 • C, a calcium carbonate solution with a high hardness of 1000 mg/L flowed through thin stainless steel or copper pipes at a constant temperature of 29 • C, achieving rapid fouling. Five groups of polyvinyl chloride (PVC) pipes wound with insulated copper wire were buckled at one circulating water pipe used in the heat exchanger. The self-developed variable frequency electromagnetic device produced a 3 A alternating current with square signal output and connected two ends of the insulated copper wire coil. Therefore, the magnetic field lines were perpendicular to the water flow direction. A contrast experiment was conducted in the other circulating water pipe. The circulating water flow velocity was maintained at 0.4 m/s through the regulating valve of the upper tanks.
Conductivity, pH value, dissolved oxygen, and turbidity were measured every 3 h for data collection and processing during the experiment, which ensured the reliability of the data. Ideal and targeted experimental materials are more conducive to determining the electromagnetic anti-fouling conclusions.
Statistical Analysis
Statistical analysis includes data management, chart analysis, output management, and regression model analysis. Considering that actual data cannot always be described by a theoretical distribution, the inherent characteristics of data and relationships among variables were studied using Statistical Product and Service Solutions (SPSS, SPSS17.0, International Business Machine, Chicago, IN, USA, 2009.) combined with Origin (Origin Pro8.0, OriginLab, Hampton, MA, USA, 2008). These programs mitigate the issue of models established through application experience only slightly beginning to address a given problem [14] [15] [16] .
Descriptive Statistics
Descriptive statistics comprise a systematic method or statistical technique to organize, describe, and interpret data. Statistics are used to represent the significance of data, and interpretation of these data is realized by data standardization.
(1) Arithmetic average. All numerical values X i (i = 1,2, . . . ,N) are summed and then divided by the number of data N, expressed as:
(2) Standard deviation. The standard deviation indicates changes in data distributions.
where
2 is the sum of squares of deviation from the mean.
(3) Coefficient of skewness. This coefficient describes the degree of symmetry of the variable distribution. Its common function is as follows:
where is the median of all numerical values. (4) Coefficient of kurtosis. The following equation determines the magnitude of change in the variable distribution. Skewness (sk) and kurtosis (bk) describe an integral distribution of variable values. The larger the coefficients, the more significantly the distribution deviates from the normal distribution.
(5) z test. When the standard deviation is known, the difference between two averages is compared using the standard normal distribution theory. The z test is calculated using the following equation, where − X is the average of the sample numbers.
Stepwise Regression Method
Stepwise regression determines the most explanatory predictive variables to obtain independent variables that are most related to the dependent variable. Variable selection may be forward selection, backward elimination, or a combination. In forward selection, subset models are chosen by adding one variable at a time to the previous model. At each successive step, the variable that is not already in the subset model and reduces the residual error sum of squares as much as possible is added to the subset model. Alternately, backward elimination of variables chooses subset models by starting with the full model and then eliminating one variable at each step. The eliminated variable will cause the smallest increase in the residual error sum of squares until only one variable is included in the final subset model [7, 17] .
For forward selection and backward elimination procedures, the effect of adding or eliminating a variable on the variables of the previous model is not considered. Thus, stepwise regression is actually a forward selection process that rechecks, at each step, the importance of all previously included variables. If the partial sums of squares for any previously included variables do not meet a minimum criterion to remain in the model, then the selection procedure changes to backward elimination and one variable is eliminated at a time until all remaining variables meet the minimum criterion. The eliminating rule for stepwise selection of variables uses forward selection and backward elimination criteria. The variable selection process terminates when all included variables meet the criterion to remain in the model, and no excluded variables meet the criterion to enter the model [8, 18] .
A parameter's relative importance can be compared with that of others, and the multicollinearity of variables can be effectively overcome [19] . Not all water quality parameters are remarkably influenced by a variable frequency electromagnetic field with an increase in magnetic acting time.
To obtain the relevance degree of electromagnetic and water quality parameters, a mathematical model of electromagnetic and water quality parameters has been established via stepwise regression [5, 20] .
Fouling Resistance
Fouling resistance is a measure of increased heat resistance because of fouling. Variation in fouling resistance is usually influenced by the magnetic acting time and experimental operating conditions. Anti-fouling efficiency reflects the degree of fouling mitigation and is calculated as follows:
where R f 0i is the fouling resistance value at moment i in the contrast experiment, and R f 1i is the fouling resistance value at moment i in the magnetic experiment. The average anti-fouling efficiency is
where n is the number of experimental data [21, 22] .
Results and Discussion
To fully analyze experimental data and draw a valid conclusion, 1 kHz and 5 kHz electromagnetic fields and contrast experiments were conducted; the difference values of water quality parameters are listed in Tables 1 and 2 , respectively. The symbol 1 denotes contrast experiment data, and 2 denotes magnetic experiment data. The preliminary data confirmed that the measurement units of water quality parameters were inconsistent. Therefore, no relativity or comparison existed between parameter values. Data normalization is essential to obtain a relationship between water quality parameters and magnetic acting time. The results of descriptive statistics for the experimental data are presented in Tables 3  and 4 . The original values of parameter variables can differ by orders of magnitude. The coefficients of kurtosis and skewness that indicate the distributional pattern of experimental data were verified by the z test, as shown in Equation (8):
where s s and s k denote the standard error of kurtosis and skewness, respectively. As |z| ≤ 1.96(α = 0.05), it is not obvious that the kurtosis and skewness values of parameters were not equal to zero. Variation in variables followed the normal distribution, and the z-standardization method was, thus, used to address data.
Effect Evaluation of the 1 kHz Electromagnetic Field
Stepwise regression was used to analyze the standardized values of water quality parameters, and it was suitable for obtaining an optimized model. This approach was conducted by taking the magnetic acting time as the dependent variable and water quality parameters as independent variables. The results of multiple linear regression were as follows where R is the correlation coefficient R ∈ [−1, 1], R 2 is the square of the correlation coefficient, R 2 ∈ [0, 1], and S e is the standard error of the estimate.
The predictive output variables of Model 1 include the constant, dissolved oxygen difference, conductivity difference, and pH value difference; those of Model 2 include the constant, conductivity difference, and pH value difference, and those of Model 3 include the constant and conductivity difference in Table 5 . Results show that the dissolved oxygen difference, which was less associated with magnetic acting time and provided poor predictive performance, was eliminated first. The pH value difference was also eliminated in the process of constructing the stepwise regression model. However, even if the conductivity difference were adjusted, it could explain the independence of the magnetic acting time at 69.3%. Statistical linear regression was, therefore, more completely established. Beta denotes the standardized regression coefficient, p denotes the significance level, and VIF denotes the variance inflation factor. Based on parameter estimation of the model in Table 6 , the p-value of the conductivity difference using the t-test was less than 0.01 in Model 3, indicating that the relevance of magnetic acting time and conductivity was better than that of the pH value and dissolved oxygen. The variation of conductivity reflected the conductivity of circulating water and was directly related to electromagnetic anti-fouling performance. The conductivity difference could be used to better interpret electromagnetic parameters. Nevertheless, according to the parameter estimation of eliminated variables in Models 2 and 3 in Table 7 , the p-values of the pH value difference and dissolved oxygen difference using the t-test method were all greater than 0.1. The p-value of the dissolved oxygen difference was 0.743, slightly greater than that of other parameters. These findings show that given the intricate effects of the aqueous solution, bacillus-algae, and electromagnetic field [22, 23] , the relationship between electromagnetic parameters and dissolved oxygen was not more remarkable than that of conductivity. Tables 8 and 9 list the analysis results of multiple linear regressions in the 5 kHz magnetic fields and contrast experiments, where r represents the partial correlation coefficient. Based on the variable feedback analysis model in Table 8 , Model 3 in Table 9 shows the partial correlation coefficient to be r = 0.531, approaching the standard error of the estimate for S e = 0.545. These results demonstrate that the effect of the electromagnetic field on conductivity and turbidity was more significant than that of dissolved oxygen and pH value. However, the p-value of turbidity was 0.083, greater than 0.01; thus, turbidity did not contribute significantly to Model 3. In Table 9 , the F test values achieved significance at the 0.05 level, and the curve regression effect was of great statistical significance. Turbidity and conductivity difference were finally selected into the model. The action of the electromagnetic field significantly influenced conductivity and turbidity. However, the accumulated explanation to magnetic acting time, S m , was 0.315 = 0.329 + 0 − 0.014. As suspended matter sedimentation and insoluble substance production had intricate effects on water quality parameters in the microorganism growth process, the correlation degree between the magnetic acting time and turbidity difference was not more remarkable than that of magnetic acting time and conductivity difference. This finding warrants further investigation; additional water quality parameters must be introduced to draw a more rigorous conclusion.
Effect Evaluation of the 5 kHz Magnetic Field

Effect Evaluation of Anti-Fouling
The inhibitory effect of electromagnetic fields on fouling in 1 kHz and 5 kHz magnetic and contrast experiments is shown in Figure 2 . Results reveal that variations in aqueous solutions, water quality parameters, and fouling resistance in magnetic experiments tended to be different from those in contrast experiments. The fouling resistance value on the heat-exchanging surface in magnetic experiments was smaller than that in contrast experiments after the initial values returned to zero. The anti-fouling efficiency in 1 kHz and 5 kHz magnetic and contrast experiments was 91.23% and 46.97%, respectively, by calculating Equations (6) and (7). Better anti-fouling performance was realized under the influence of low-frequency electromagnetic fields. Electromagnetic water treatment technology influenced fouling formation, which is highly important. Turbidity was further introduced in 5 kHz magnetic fields and contrast experiments. Compared with the pH value and dissolved oxygen, conductivity was more suitable for establishing a mathematical model of the electromagnetic field and water quality parameters, producing the same result as that in 1 kHz magnetic fields and contrast experiments. Variations in conductivity were studied to obtain the application effect of electromagnetic fields for fouling mitigation. Conductivity can be used as an adaptive feedback control parameter for the optimum anti-fouling state. Furthermore, the turbidity, dissolved oxygen, and pH value can be researched in greater detail to reflect the inhibitory effects and mechanisms of electromagnetic fields on fouling. 
Conclusions
A variable-frequency vertical electromagnetic field is proposed, where variations in conductivity, pH value, dissolved oxygen, and turbidity of 1 kHz and 5 kHz magnetic treatments were studied using SPSS. Origin was employed to analyze fouling resistance. This method is applicable to other experimental conditions, and several important conclusions can be drawn.
(1) The relevance of conductivity and magnetic acting time is better than that of pH value and dissolved oxygen, and conductivity is more suitable for establishing a mathematical model of electromagnetic fields and water quality parameters.
(2) Turbidity, dissolved oxygen, pH value, and fouling resistance reflect electromagnetic anti-fouling performance to different extents, contributing to the interpretation of related experimental phenomena and verification of the electromagnetic anti-fouling mechanism.
(3) The effect of the electromagnetic field on water quality parameters implies that variable-frequency electromagnetic water treatment technology is applicable in fouling mitigation. This technology improves the operating efficiency of industrial heat-transfer equipment and realizes an economic, effective, and environmental physical anti-fouling method. 
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